Several recent randomized, comparative trials of treatments for coronavirus disease 2019 (COVID-19) used time to a positive outcome, such as improvement or recovery, as either the primary end point or a key secondary end point ([@r1-M204044]). The [Supplement Table](#s1-M204044){ref-type="supplementary-material"} (in Part A of the [Supplement](#s1-M204044){ref-type="supplementary-material"}) provides detailed descriptions of the end points, efficacy measures, and analysis results from several recently published studies of COVID-19. This article discusses the issues and challenges that commonly arise in the analysis of such trials, and using examples from 2 trials, presents well-established yet underused analytic procedures that provide robust and clinically interpretable summaries of treatment efficacy.

Examples of Comparative COVID-19 Trials
=======================================

Example 1
---------

ACTT-1 (Adaptive COVID-19 Treatment Trial) is an ongoing double-blind, randomized, placebo-controlled trial of remdesivir versus placebo in adults hospitalized with COVID-19 who have evidence of lower respiratory tract involvement ([@r5-M204044]). Patient health was closely monitored across 28 days of follow-up and classified on an 8-point ordinal scale (Part B of the [Supplement](#s1-M204044){ref-type="supplementary-material"}, available at Annals.org), with category 1 being the most favorable outcome (discharge from hospital with no limitation of activities) and category 8 being death. The primary end point was time to recovery, defined as the first time during the 28 days of follow-up the patient attained category 1, 2, or 3.

Example 2
---------

Li and colleagues ([@r7-M204044]) conducted an open-label, randomized, comparative trial of convalescent plasma versus standard care among adults hospitalized with confirmed COVID-19 and severe or life-threatening symptoms. As in ACTT-1, patient health was closely monitored across 28 days and classified on a 6-point ordinal scale (Part C of the [Supplement](#s1-M204044){ref-type="supplementary-material"}, available at Annals.org), with category 1 being discharge from the hospital and category 6 being death. The primary end point was time to clinical improvement, defined as hospital discharge or a 2-point reduction on the 6-point disease severity scale.

Recovery and Death as Competing Events
======================================

[Figure 1](#f1-M204044){ref-type="fig"} illustrates the 4 possible outcome patterns for hypothetical patients in the remdesivir and convalescent plasma trials. In case 1, the patient recovered (or improved) on day 7 and had a postrecovery time span of 21 days. In case 2, the patient died on day 14 without recovery. Both trials assigned such patients an arbitrary recovery time that was censored at the end of follow-up. In fact, the recovery times of patients who have died could not be defined or estimated. By contrast, the postrecovery time span for these patients is well-defined as 0 days. In case 3, the patient was alive but had not recovered by day 21. Time to recovery was censored, for example, because of the patient\'s late entry into the trial; the postrecovery time span would be less than 7 days. In case 4, the patient survived the 28 days of follow-up without recovery, and the postrecovery time span was 0 days.

![Possible patterns for time to recovery for ACTT-1 (Adaptive COVID-19 Treatment Trial) and the study by Li and colleagues ([@r7-M204044]).](aim-olf-M204044-M204044ff1){#f1-M204044}

In the remdesivir and convalescent plasma studies, the death of a patient before the end of the study prevents us from observing recovery or improvement. Because death is a negative outcome, whereas recovery or improvement is positive, the standard technique of defining a composite end point, such as the time to recovery or improvement or the time to death, is not applicable. Moreover, because the potential death and recovery times of each patient are probably correlated, standard survival analysis methods that treat death as independent censoring are not appropriate.

Estimating the Cumulative Recovery Rate Over Time for ACTT-1 and the Convalescent Plasma Study
==============================================================================================

Example 1: ACTT-1
-----------------

In ACTT-1 ([@r5-M204044]), 538 patients were assigned to remdesivir and 521 to placebo. Respectively, 334 and 273 patients recovered and 132 and 169 observations were censored, as in case 3. By day 15, 33 and 55 patients in the remdesivir and placebo groups, respectively, had died. Figure S3 of the original paper depicts the overall survival curves through day 29.

To further explore the reported analysis ([@r8-M204044]), we scanned the cumulative recovery curves in Figure 2A and the overall survival curves in Figure S3 of the original ACTT-1 article to recreate the individual patient-level observations that we present in our [Figure 1](#f1-M204044){ref-type="fig"}. The details of this reconstruction procedure are given in Part D of the [Supplement](#s1-M204044){ref-type="supplementary-material"} (available at Annals.org). For the original analysis, the authors assigned a censored recovery time of 29 days to patients who died before recovery and applied the standard Kaplan--Meier method for estimating the time to recovery. Using the reconstructed data, our [Figure 2](#f2-M204044){ref-type="fig"} presents 1 minus the Kaplan--Meier curves constructed via the method used in ACTT-1, which are almost identical to those reported in Figure 2A of the original article ([@r5-M204044]). In the presence of death as a competing risk and censored observations before day 28, the Kaplan--Meier curve does not provide a valid estimate of the proportion of patients who survived and recovered by each time point ([@r9-M204044]). In ACTT-1, 301 cases (132 + 169) were censored before day 28 at the interim analysis.

![Kaplan--Meier curves for the cumulative proportion of patients recovered, obtained by using reconstructed data from Beigel and colleagues ([@r5-M204044]).](aim-olf-M204044-M204044ff2){#f2-M204044}

The strategy adopted by ACTT-1 investigators for managing death as a competing risk is unusual. The more common---although controversial---approach is to apply Kaplan--Meier while using the cause-specific hazard argument to treat the recovery times of patients who have died as being independently censored. Unfortunately, in such competing risk approaches, the corresponding Kaplan--Meier curve cannot be used to estimate the cumulative recovery rate curve ([@r13-M204044], [@r14-M204044]).

A valid and interpretable procedure for analyzing data from such studies is to construct cumulative incidence curves, rather than Kaplan--Meier curves, for estimating the proportion of surviving patients whose recovery time is less than any specific time point ([@r9-M204044]). Using the reconstructed patient-level time-to-event data, we were able to estimate the cumulative incidence curves for time to recovery for remdesivir and placebo ([Figure 3](#f3-M204044){ref-type="fig"}, *A*). For example, among patients receiving remdesivir, 60% survived and recovered within 15 days, whereas in the placebo group, only 50% of patients survived and recovered. The curve for remdesivir is higher than that for placebo over the entire 28 days, indicating that the patients receiving remdesivir tended to recover faster than those receiving placebo. Note that for ACTT-1, except for the tails, the cumulative incidence curves in [Figure 3](#f3-M204044){ref-type="fig"}, *A*, are quite similar to the Kaplan--Meier curves from the original study; thus, the study\'s conclusion remains valid. The next section discusses when the Kaplan--Meier method used by ACTT-1 can be seriously biased.

![Cumulative incidence curves (*A*) and mean postrecovery times (*B and C*).\
**A.**Cumulative incidence curves from ACTT-1 (Adaptive COVID-19 Treatment Trial) for the proportion of patients recovered, treating death as a competing risk and depicting days corresponding to the median recovery. **B and C.** Mean time in recovery, as the area under the cumulative incidence curve, across the 28 days of study follow-up.](aim-olf-M204044-M204044ff3){#f3-M204044}

Example 2: Convalescent Plasma Study
------------------------------------

The study by Li and colleagues ([@r7-M204044]) also faced the issue of death as a competing risk. In this study, 52 patients were randomly assigned to receive convalescent plasma and 51 patients to receive standard care. For convalescent plasma and standard care, respectively, 27 and 22 patients recovered whereas 8 and 12 died. Using reconstructed data from the authors\' reported Figures 2A and e2 ([@r7-M204044]), the cumulative incidence curves are presented in [Supplement](#s1-M204044){ref-type="supplementary-material"} Figure 1 (Part E of the [Supplement](#s1-M204044){ref-type="supplementary-material"}, available at Annals.org). Among patients receiving convalescent plasma, 53% had survived and improved by day 28, compared with 42% of patients in the standard care group. The difference was 11 percentage points (95% CI, −9 to 29 percentage points; *P* = 0.27).

Kaplan--Meier Analysis Can Be Seriously Biased
==============================================

We conducted a numerical study to investigate when the Kaplan--Meier method used by ACTT-1 and Li and colleagues ([@r7-M204044]) may have serious issues estimating the cumulative rate of recovery or improvement. The Kaplan--Meier curve may be severely biased if the mortality and censoring rates are elevated during follow-up. The details are in Part F of the [Supplement](#s1-M204044){ref-type="supplementary-material"} (available at Annals.org). Because the 2 studies discussed here had relatively low mortality and censoring rates, the bias was not severe. However, for studies with patients at elevated risk---for instance, those with acute respiratory distress syndrome---the short-term mortality rate may exceed 30%. In future studies, in which follow-up may extend well beyond 28 days, one may expect more censored observations, especially at the interim analysis, accentuating the risk of severe bias. Moreover, those studies may define a more stringent primary outcome, such as "complete recovery," in contrast to "discharged from hospital," which may include patients who have sustained irreversible physical or mental damage. Defining a more demanding desirable outcome may decrease the rate of complete recovery, whereas expanding the scope of the undesirable competing outcome may increase the rate of the competing event. As demonstrated via the numerical study reported in Part F of the [Supplement](#s1-M204044){ref-type="supplementary-material"}, the Kaplan--Meier estimate of the cumulative recovery curve applied by the aforementioned studies may be severely biased under these situations. In any event, to avoid any potential bias, a valid method for estimating the recovery or improvement rate curve is strongly recommended.

Summarizing Cumulative Recovery Curves: Alternatives to the Hazard Ratio for Time to Recovery
=============================================================================================

ACTT-1 assessed the comparative efficacy of remdesivir versus placebo by using the hazard ratio (1.32 \[CI, 1.12 to 1.55\]; *P* \< 0.001). However, a 32% increase in the "hazard" of recovery from remdesivir is difficult to interpret, because unlike "risk," hazard is not a probability measure; that is, patients receiving remdesivir were not 32% more likely to recover than patients receiving placebo. With competing risks, the validity and interpretability of the hazard ratio become even more questionable ([@r10-M204044], [@r11-M204044]). Moreover, without a reference hazard curve from the placebo group, the hazard ratio by itself cannot assess the clinical utility of remdesivir.

Using the cumulative incidence curve ([Figure 3](#f3-M204044){ref-type="fig"}, *A*) for recovery, we can quantify the between-group difference by using summary measures that are more robust and interpretable than the hazard ratio. Standard choices include the median time to recovery, as well as the cumulative recovery rate at a specific time point. From [Figure 3](#f3-M204044){ref-type="fig"}, *A*, the median recovery times were 11 and 15 days, respectively, for remdesivir and placebo. The difference was 4 days (CI, 1.0 to 7.0 days; *P* = 0.003). However, the precision of a median estimate is often quite low, as reflected by the wide CI. Moreover, if the recovery rate on day 28 was less than 50%, then the median recovery time cannot be empirically estimated.

The cumulative recovery rate on day 28 is also a reasonable summary if the time to recovery during the study is not of primary interest. Estimates for these rates correspond to the vertical distance from the *x*-axis to the cumulative incidence curves in [Figure 3](#f3-M204044){ref-type="fig"}, *A*. In the present case, these were 74% and 70%, respectively, for remdesivir and placebo. The difference is 4.7 percentage points (CI, −2.8 to 11.6 percentage points; *P* = 0.20). Thus, whether remdesivir was superior to placebo with respect to the cumulative recovery rate on day 28 is inconclusive.

An alternative summary of the cumulative recovery rate over time is the area under the cumulative incidence curve up to 28 days. Intuitively, the larger the area, the better the therapy. In [Figure 3](#f3-M204044){ref-type="fig"}, *B* and *C*, we present these areas of 11.9 and 14.1 days for the remdesivir and placebo groups, respectively. The clinical interpretation is informative; the area under the cumulative recovery curve is the average postrecovery time that study patients spent, as displayed for hypothetical patients on the right-hand side of [Figure 1](#f1-M204044){ref-type="fig"}. Therefore, across the 28 days of follow-up, patients receiving remdesivir spent 14.1 postrecovery days, on average, whereas patients receiving placebo spent only 11.9 days. The difference of 2.2 days (CI, 0.89 to 3.52 days; *P* \< 0.001) favors remdesivir. Zhao and colleagues ([@r12-M204044]) recently presented a similarly intuitive summary measure for cardiovascular clinical studies in the presence of competing risks.

For the study by Li and colleagues ([@r7-M204044]), the hazard ratio for time to improvement was 1.40 (CI, 0.79 to 2.49; *P* = 0.26). Across the 28 days of follow-up, the area under the cumulative incidence curve ([Supplement](#s1-M204044){ref-type="supplementary-material"} Figure 1) was 7.4 days for convalescent plasma and 5.2 days for standard care, for a difference of 2.2 days (CI, −0.96 to 5.2 days; *P* = 0.17). That is, across the 28 days of follow-up, patients receiving convalescent plasma spent 2.2 more postimprovement days, on average, than patients receiving standard care.

Survival Analysis via the Mean Survival Time Across the Study Period
====================================================================

For the standard overall survival time in these examples, competing risks are not present and the standard Kaplan--Meier curves are appropriate. For overall survival, as for recovery, the higher the curve, the better the treatment. Thus, the area under the overall survival curve also provides a summary of treatment efficacy. In fact, the area under the Kaplan--Meier curve across a specific time window is the restricted mean survival time, which has been discussed extensively in the literature ([@r15-M204044]). For ACTT-1, by using reconstructed data from Figure S3 in the original paper ([@r5-M204044]), the 28-day restricted mean survival times were 26.1 days for remdesivir and 25.3 days for placebo ([Supplement](#s1-M204044){ref-type="supplementary-material"} Figure 3 in Part G of the [Supplement](#s1-M204044){ref-type="supplementary-material"}, available at Annals.org). The difference was 0.76 days (CI, −0.09 to 1.61 days; *P* = 0.079). That is, across the 28 days of follow-up, patients receiving remdesivir survived 0.76 days longer, on average, than those receiving placebo. These summaries are much easier to contextualize than the corresponding hazard ratio of 0.70 (CI, 0.47 to 1.04; *P* = 0.07). The overall survival rates on day 28 were 88% and 85% for remdesivir and placebo, with a difference of 3.1 percentage points (CI, −2.2 to 8.3 percentage points; *P* = 0.25). For mortality, the 28-day rate difference is probably a better summary than either the hazard ratio or the mean survival time difference, considering the short follow-up.

For the study by Li and colleagues ([@r7-M204044]), the hazard ratio for overall survival was 0.74 (CI, 0.30 to 1.84; *P* = 0.52), whereas the 28-day restricted mean survival times were 25.5 days for convalescent plasma and 24.9 days for standard care, with a difference of 0.53 days (CI, −1.9 to 3.0 days; *P* = 0.67). The day 28 mortality rates were 83% and 69% for convalescent plasma and standard care, respectively, with a difference of 13.9 percentage points (CI, −4.9 to 33 percentage points; *P* = 0.15).

Discussion
==========

Most published and ongoing studies of COVID-19 that involve both recovery and death as outcomes have applied analytic methods similar to those of the studies discussed here (Part A of the [Supplement](#s1-M204044){ref-type="supplementary-material"}) ([@r1-M204044], [@r4-M204044], [@r5-M204044], [@r7-M204044]). Accordingly, our proposal has potentially broad implications. Because time to recovery is not defined for patients who die before recovering, the mean time to recovery in the presence of death cannot be determined. In ACTT-1 and the convalescent plasma trial, the investigators arbitrarily censored the time to recovery or improvement at the end of study follow-up. By contrast, for a specific follow-up time, such as 28 days, the time spent after recovery is always well-defined, as shown in [Figure 1](#f1-M204044){ref-type="fig"}, because a patient who has died does not spend any postrecovery time. Naturally, a prespecified time window, such as 28 days, is crucial for assessing and interpreting treatment efficacy using this metric. Future trials may extend the follow-up to gather more information.

No single summary measure can capture all the information provided by the cumulative recovery curves in [Figure 3](#f3-M204044){ref-type="fig"}. On the other hand, an intuitive and clinically meaningful summary is essential for designing studies and making treatment selection decisions. Especially for COVID-19 trials, we need transparent and unambiguous summaries of treatment efficacy that are easily comprehended by practitioners, patients, and regulatory agencies.

The choice of end point is also crucial for short-term clinical studies in the critical care arena. For the end point of recovery, one must consider whether having recovered within a specific period, such as 28 days, or the time to recovery is of primary clinical interest. For COVID-19, both end points provide useful information about the clinical utility of a new therapy. On the other hand, for overall survival, it is not clear whether the 0.76-day difference in the time to death in ACTT-1 or the 0.53-day difference in the convalescent plasma trial is clinically informative. In this case, the mortality rate at a specific time point across a longer follow-up may be more relevant.

Some of the treatment trials listed in Part A of the [Supplement](#s1-M204044){ref-type="supplementary-material"} ([@r4-M204044]) applied a stratified Cox model to adjust for baseline factors, such as baseline disease severity. Generalizing the simple 2-sample procedure for estimating the difference in areas under the curve to allow for several strata is straightforward ([@r19-M204044]). Specifically, we first estimate the treatment effect within each stratum by calculating the difference in the areas under the cumulative incidence curves. We then summarize the overall treatment effect via the average of the aforementioned stratum-specific differences, weighted by the stratum sizes.

All our analyses were performed in the R statistical computing environment (3.6.2; R Foundation for Statistical Computing) ([@r20-M204044]). Kaplan--Meier curves were constructed by using the *survival* package ([@r21-M204044]), cumulative incidence curves were estimated by using the *cmprsk* package ([@r22-M204044]), and survival differences and restricted mean survival time analyses were conducted by using the *surv2sampleComp* package ([@r23-M204044]). We have made software for analyzing the area under the cumulative incidence curve publicly available ([@r24-M204044]).

Supplementary Material
======================

###### 

Click here for additional data file.
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